The aim of this study was to examine whether altered plasma viscosity could contribute to the inappropriately low production rate of erythropoietin (EPO) observed in patients suffering from hypergammaglobulinemias associated with multiple myeloma or Waldenstrom's disease. We found that the EPO formation in response to anemia in these patients was inversely related to plasma viscosity. A similar inverse relationship between plasma viscosity and EPO production was seen in rats in which EPO formation had been stimulated by exchange transfusion and the plasma viscosity of which was thereby altered by using exchange solutions of different composition to alter plasma viscosity and thus whole blood viscosity independently from hematocrit. Raising the gammaglobulin concentration to -40 mg/ml plasma in the rats almost totally blunted the rise in serum EPO levels despite a fall of the hematocrit to 20%. Determination of renal EPO mRNA levels by RNase protection revealed that the reductions in serum EPO levels at higher plasma viscosities were paralleled by reductions in renal EPO mRNA levels.
Introduction
Multiple myeloma and macroglobulinemia Waldenstrom are frequently associated with anemia ( 1) . The pathogenesis of this type of anemia has not yet been unequivocally clarified but may involve bone marrow displacement and/or insufficient stimulation oferythropoiesis. Recent studies have provided evidence that erythropoietin (EPO)' levels in those patients are inappropriately low and that this type of anemia can be markedly improved by the application of recombinant human EPO (2, 3) . In the adult EPO is predominantly produced by the kidneys, and its production rate is mainly determined by the hemoglobin concentration and the arterial oxygen tension (4) . The reasons why patients suffering from hypergammaglobulinemias elaborate inappropriately low amounts oferythropoietin are unknown. Reduced renal function will contribute but does not provide a complete explanation. Another possibility is that the altered blood rheology, namely, the increased plasma viscosity in those patients could be involved. Since at present no information exists about a possible influence of blood viscosity on EPO formation it appeared reasonable to us to examine whether alterations of plasma viscosity can have an influence on the production of erythropoietin.
To this end we have examined the correlation between EPO production and plasma viscosity or renal function in anemic patients suffering from hypergammaglobulinemias. Moreover, we investigated the influence of plasma viscosity on EPO formation in normal rats, in which EPO formation had been stimulated by exchange transfusion.
Our findings indicate that in anemic patients with hypergammaglobulinemias insufficient EPO production is correlated with the increase of plasma viscosity rather than with restriction of renal function. Moreover, we observed an inhibitory effect of increasing plasma viscosity on EPO formation in anemic rats.
Methods
Patients. Patients with documented monoclonal paraproteinemia (Waldenstrom's macroglobulinemia or multiple myeloma), without major impairment of renal function (serum creatinine < 150 ,mol/ liter, creatinine clearance > 30 ml/min) and without evidence of chronic inflammatory disease (no fever and leukocyte count < 10,000/,u with essentially normal distribution) were studied. Blood anticoagulated with K2-EDTA was used. Hematocrit was measured with a microcentrifuge, the platelet count was determined with an electronic particle counter. Plasma was obtained by a first centrifugation at 1,500 g for 10 min, followed by gentle aspiration of plasma and a second 10-min centrifugation of the plasma at The plasma exchange was started by gently aspirating 2 ml of blood into a syringe flushed with sodium heparin ( 10 U/ml), which was used for the determinations of blood gases, plasma viscosity, hematocrit, and EPO. After immediate replacement of this volume with exchange solution, blood exchange was continued over the next 10-20 min by simultaneous blood withdrawal on the arterial side and infusion of the exchange solution on the venous side. After the completion of the exchange (time: zero) an infusion of the same solution as used for the exchange was started with a flow rate of 0.6 ml/h to replace usual fluid loss by perspiration and diuresis. 4 h after the completion of the exchange (time: 4 h) 2 ml of heparinized blood was again aspirated for the measurement of hematocrit, plasma viscosity, EPO, and arterial blood gas analysis.
At the end of the experiment the animals were killed by cervical dislocation or an overdose of nembutal. The kidneys were removed and weighed. One kidney was snap frozen in liquid nitrogen and kept at -70°C for EPO mRNA analysis. The other kidney was cut into thin slices, fixed in Bouin's solution, and later embedded in methacrylate. Semi-thin sections were prepared and examined by a pathologist who was unaware of the experimental procedures.
The hematocrit level was determined with a microcentrifuge. Plasma was obtained by centrifuging the blood for 10 min at 1,500 g. Plasma viscosity was measured as described above. Aliquots of the plasma were deep frozen for the determination of EPO.
Determination of serum EPO. Serum EPO concentrations were measured by radioimmunoassay as described (5 
Results
16 patients with monoclonal paraproteinemia were studied, some of them repeatedly during ambulatory care. They are summarized in Table I . All the patients were anemic (hematocrit 17-38%) but most ofthem had normal platelet counts. The EPO levels ranged from 15 to 246 mU/ml. The three patients with platelet counts < 100 x 109/liter (patients 7, 8, and 15) were those with the highest EPO levels. This suggests a general depression of the bone marrow function by other factors with an ensuing strong stimulation of EPO secretion. Indeed, in patient 7 a very severe bone marrow infiltration of 70-100% was found, in the two others a marked infiltration of 60-80% was combined with vitamin B12-deficiency (Vitamin B12: 19 and 131 pg/ml, respectively, normal values 150-630 pg/ml).
At first sight plasma EPO levels appeared to be relatively low when compared with the degree ofanemia and it was therefore of interest to see whether the inappropriately low EPO production correlated with other clinical parameters, in particular plasma viscosity and serum creatinine concentrations. EPO production and plasma EPO levels, however, are normally strongly dependent on the hematocrit and the hematocrit varied in a wide range among the patients under study. To allow a correlation between the reduction of EPO production and other clinical parameters it was necessary therefore to standardize EPO production in relation to the degree ofanemia in those patients. Since a number of studies have shown that a negative semilogarithmic correlation exists between plasma EPO concentrations and the hematocrit value in nonrenal anemias (8-10) we considered the value (log EPOpatient -log EPOnor. ma)/(patient -hctnomal) as a standardized parameter which we termed "EPO response." Normal EPO concentration of healthy adults (mean hematocrit 45%) average 17 mU/ml when measured with the radioimmunoassay used for this study ( 10) . For nonrenal anemias average values for the EPO response are in the range of6 to 10 (8-10) . The EPO response for the individual patients in this study was set into relation with the plasma viscosity or with creatinine clearance as an indirect indicator for renal function. In patients with more than one measurement (patients 1-4 and 9) mean values were used. It appeared that the EPO response was correlated with both plasma viscosity and creatinine clearance values (Fig. 1) . The best fit between plasma viscosity and EPO-response was obtained with an exponential inverse correlation: EPO response = 4.4 X plasma viscosity(cp)-'1'3(r = -0.54; P < 0.01). The best fit between EPO response and creatinine clearance was a linear correlation: EPO response = -0.37 + 0.05 X creatinine clearance (r = 0.62, P < 0.02).
The question arose as to whether there was a causal link between EPO response and plasma viscosity. To analyze this we have performed a series of experiments with anesthetized rats. In these animals EPO production was stimulated by an acute reduction of the hemoglobin concentration to half normal values induced by volume exchange transfusion (Table  II) . Volume exchange was performed with solutions of different viscosities such as Ringer's solution, rat donor plasma, or Ringer's solution supplemented with graded doses of bovine gammaglobulin. 4 h after conclusion of the volume exchange plasma EPO levels were measured. As shown in Fig. 2 (Fig. 4) . Histological examinations of the kidneys by light microscopy did not reveal obvious differences among the four groups.
(Two experiments with Ringer's solution, two with plasma exchange, three with gammaglobulin [60 mg/ml] and five experiments with dextran). Glomeruli and interstitium were normal in all specimens. Slight tubular necrosis or epithelial swelling was seen in one of five and slight vacuolization of tubular epithelia in four of five dextran-treated rats. Kidneys of rats exchanged with gammaglobulin occasionally showed tubular casts in the medullary region.
The synthesis of EPO by the kidney was assessed by measuring EPO mRNA concentrations in the kidneys 4 h after conclusion of the blood volume exchange. As shown in Fig. 5 renal EPO mRNA levels were diminished if volume exchange was performed with solutions which increased plasma viscosity. Moreover, it was apparent that the diminuation of renal EPO mRNA levels went in parallel with the attenuation of plasma EPO concentrations.
Discussion
Although it is well established that altered blood oxygen availability is the principal stimulus controlling EPO a number of situations EPO production is less than that expected for the reduction in hematocrit. This study aimed to examine ifchanges ofplasma viscosity could have an influence on EPO production and could thus contribute to the inappropriate EPO production observed in patients with increased plasma viscosity (2, 3) due to monoclonal gammopathies such as multiple myeloma or Waldenstrom's disease or polyclonal gammopathies of severe degree occasionally seen, e.g., in rheumatoid arthritis (1 1, 12 ). In agreement with previous studies we found that serum EPO levels are in fact relatively low in patients with multiple myeloma or Waldenstrom's disease when set into proportion to the degree ofanemia. This circumstance becomes more obvious if the EPO response, defined as the rise of serum EPO related to the degree of anemia, is compared with that ofpatients suffering from hyporegenerative anemias. Our findings show an inverse correlation between EPO response and plasma viscosity. A striking feature of this correlation is that comparably small changes of plasma viscosity correlate with marked changes of the EPO response (Fig. 1 ).
An impaired EPO response is characteristic for the anemia associated with chronic renal insufficiency. Since hypergammaglobulinemias may induce a restriction of renal function, it appeared reasonable to us to consider an impairment of renal function as a possible pathophysiological mechanism for the inappropriate EPO formation in hypergammaglobulinemic patients. The EPO response correlated with creatinine clearance, which is surprising because it has been shown that erythropoie- sis is unaffected at creatinine clearance values above 30-40 ml/min and renal anemia is not found above this threshold value ( 13, 14) . For this reason it is unlikely that a restriction of renal function is the primary and only cause for the impaired EPO formation. It was ofinterest therefore to see whether a rise of plasma gammaglobulins and a related rise of plasma viscosity per se is capable to attenuate the EPO response in otherwise normal organisms. To this end we have investigated whether an association exists between the gammaglobulin concentration or the plasma viscosity and the EPO response to anemia in normal rats. It turned out that the rise in plasma EPO levels in response to the same degree of anemia was inversely related to the gammaglobulin concentration. Since gammaglobulins are major determinants ofplasma viscosity, the EPO response was, not surprisingly, also inversely correlated with plasma viscosity (Fig. 3) . Interestingly, the correlation between plasma viscosity and EPO response was rather similar for hypergammaglobulinemic patients and the normal rats, suggesting that the impaired EPO response in patients may in fact be due to effects related to the increase of gammaglobulins.
To distinguish whether the attenuation of the EPO response in the hypergammaglobulinemic rats was linked to the alteration of plasma viscosity or to other effects related to hypergammaglobulinemia, in additional experiments plasma viscosity was increased by dextran. Again this maneuver led to a marked attenuation ofthe EPO response (Fig. 4) and we therefore suggest that the plasma viscosity could be a factor in determining EPO production, and could therefore account for the impaired EPO response in hypergammaglobulinemic patients. Nonetheless it was obvious that raising plasma viscosity by dextran was less effective on EPO levels than a rise in plasma viscosity induced by infusion of gammaglobulins and we cannot explain this observation yet.
Since an increase of plasma viscosity may impair capillary circulation and may thus impede the release of EPO from the renocortical interstitium into the blood flow, we examined whether viscosity related effects on plasma EPO levels were due to an inhibition of EPO synthesis or due to an inhibition of EPO release. EPO production rate is primarily determined by the EPO mRNA levels within the EPO producing cells. We found that the impaired EPO response in the rats went in parallel with decreased levels ofEPO mRNA in the kidneys, suggesting that it was the synthesis of EPO rather than the release of EPO that was attenuated by the increase of plasma viscosity (Fig. 5 ).
The present study cannot determine the mechanisms by which plasma viscosity exerts influence on the stimulation of EPO production by anemia. Since renal capillary endothelial cells are considered as likely candidates for producing EPO (15, 16) , one could speculate that plasma viscosity exerts an influence on endothelial cells by changing the shear stress on the endothelial surface. It has been found for instance that the release of histamin ( 17) , renin ( 18), endothelin ( 19) , prostacyclin (20, 21 ) , and endothelium-derived relaxing factor (22) are shear stress dependent, indicating that this parameter is capable to markedly modulate endothelial function. It is likely that mechanoreception, the most widely distributed sensory modality, is the mechanism involved (23) .
The present data have clinical implications, since it has become common practice to administer recombinant EPO to patients with blunted EPO response. Clinicians should be aware that low EPO levels may represent a physiological response ofthe organism to impending hyperviscosity and that it may be dangerous to overcome this negative feedback control by exogenous EPO. In this context it is noteworthy that EPO levels are low in sickle cell anemia (24) , a classical condition with increased whole blood viscosity.
